Background
==========

Paraquat (1,1-dimethyl-4-4-bipyridium dichloride) is a very toxic herbicide that produces reactive oxygen species (ROS) in humans. Paraquat mainly accumulates in the lungs, where it is retained even when its concentration in blood decreases. Subsequent redox cycling and generation of ROS can trigger lung injury \[[@b1-medscimonit-20-167]\]. Oxidative stress has important implications for several events in lung physiology and the pathogenesis of chronic obstructive pulmonary disease, asthma, interstitial lung disease, and acute respiratory distress syndrome \[[@b2-medscimonit-20-167],[@b3-medscimonit-20-167]\].

Reactive nitrogen species (RNS) are a family of antimicrobial molecules derived from nitric oxide (•NO) and superoxide (O2•−) produced via the enzymatic activity of inducible nitric oxide synthase 2 (NOS2) and NADPH oxidase, respectively \[[@b4-medscimonit-20-167]\]. Reactive nitrogen species act together with ROS to damage cells, causing nitrosative stress.

Nitric oxide (NO) is an important signaling molecule reacting with superoxide derived from the paraquat redox cycle \[[@b5-medscimonit-20-167]\]. NO is involved in the mechanism of paraquat-mediated toxicity, although its role is controversial. It can either form the potent oxidant peroxynitrite, causing serious cell damages, or it can scavenge superoxide, providing protection from lung injury \[[@b5-medscimonit-20-167],[@b6-medscimonit-20-167]\].

Fractional exhaled nitric oxide (FENO) is NO in the lower airway measured by oral exhalation.[@b5-medscimonit-20-167] Previous studies have demonstrated that FENO can be a useful non-invasive marker for asthma, bronchiectasis, and upper respiratory infections \[[@b7-medscimonit-20-167]--[@b10-medscimonit-20-167]\]. In asthma, FENO measurement was able to evaluate responsiveness to both inhaled and systemic corticosteroids, and its values were found to be increased in central or peripheral airway inflammation. Interestingly, FENO values were observed to be reduced in cystic fibrosis patients \[[@b11-medscimonit-20-167]\].

Paraquat-mediated lung injury can be reflective of an ROS-induced lung injury \[[@b12-medscimonit-20-167]--[@b15-medscimonit-20-167]\]. Exhaled NO has never been investigated in acute paraquat poisoning. In this study, sequential measurements of FENO were made. We aimed to verify if FENO could a clinical parameter of ROS formation and responsiveness to medical therapies in acute paraquat intoxication.

Material and Methods
====================

Patients
--------

Twelve patients were recruited who were admitted with acute paraquat poisoning from November to December in 2012 to the Institute of Pesticide Poisoning of Soonchunhyang University Cheonan Hospital, Cheonan, Korea. The present study was approved by Soonchunhyang Cheonan Hospital's Investigational Review Board. The patients went through the standardized medical management according to the treatment guidelines for paraquat intoxication used by Soonchunghyang University Cheonan Hospital. All the treatments were performed by our trained physicians. A brief summary of the treatment that the patients received as follows: Gastric lavage was performed on all patients who were checked 2 h or less after paraquat ingestion. If intoxication had occurred previously and less than 12 h after the ingestion, 100 g of Fuller's earth in 200 ml of 20% mannitol was administered. Cyclophosphamide (15 mg/Kg) and methylprednisolone (1000 mg) were infused for three consecutive days. Antioxidant (N-acetylcysteine 4 g) was infused for 7 days. Hemoperfusion was performed when the result of a urinary paraquat test was positive.

Data collection
---------------

Demographic variables such as age and sex of the patients were recorded by the physicians on the standardized data collection form. Time difference between the patient's paraquat exposure and hospital arrival at Soonchunhyang University Cheonan Hospital was recorded by looking up the patient history. Clinical laboratory parameters (white blood cell count, hemoglobin, hematocrit, amylase, lipase, albumin, aspartate aminotransferase, alanine aminotransferase, total bilirubin, glucose, lactate dehydrogenase, blood urea nitrogen, creatinine, pH, and arterial oxygen concentration) were obtained at the patients' arrival at the emergency unit. Values of arterial blood gas were recorded daily for 7 days while no oxygen supplement was being provided.

To assess the amount of paraquat exposure, paraquat level was measured by high-performance liquid chromatography with a Perkin Elmer Series 200 (Perkin Elmer, USA). In brief, PQ were separated on a reversed-phase column Capcell Pak C18 UG120 (150×4.6 mm i.d.; particle size, 5 μm; Shiseido Co., Tokyo, Japan), by isocratic elution with a mixture of methanol and 200 mM phosphoric acid solution containing both 0.1 M diethyl amine and 12 mM sodium 1-heptane sulfonate (1: 4, v/v) as the eluents \[[@b16-medscimonit-20-167]\].

FENO measurement
----------------

A portable and noninvasive device called NIOX MINO™ (Aerocrine AB, Solna, Sweden) was used to make FENO measurement. Sampling of breath was not necessary using this device. Subjects were asked to exhale into the device for 10 s, which led to the instant reading of FENO measurement. The measurement was made following the recommendations of the American Thoracic Society \[[@b17-medscimonit-20-167]\]. Times of the measurements were at the hospital admission and 24, 48, 72, 96, and 120 h after paraquat ingestion.

Statistics
----------

The measurement values in this study were analyzed using statistics software (SPSS v14.0, SPSS Inc., Chicago, IL). Results yielding a p value less than 0.05 were considered to be statistically significant.

Results
=======

To obtain a reliable FENO measurement, the patient was asked to blow into the measuring device with sufficient flow rate for a certain period of time. Six out of the total 12 recruited patients had general conditions (e.g. oral pain) that made it difficult for them to exhale with adequate force. As a result, only the 6 patients were considered for our study.

[Table 1](#t1-medscimonit-20-167){ref-type="table"} shows the initial patient information recorded at hospital arrival. Mean ingested amount of paraquat (24.5% concentration) was 21.7±4.1mL (range of values: 5\~170). Mean plasma paraquat level was 1.4±2.5 μg/mL (range of values: 0.23\~6.51). There was no underlying pulmonary disease in any participants. [Table 2](#t2-medscimonit-20-167){ref-type="table"} shows the baseline laboratory parameters.

In [Table 3](#t3-medscimonit-20-167){ref-type="table"}, FENO measurements are presented along with other clinical measures such as paraquat ingestion amount, serum paraquat level, paraquat urine test, and initial PaO~2~. We found no direct correlation between the paraquat levels (ingestion amount and plasma concentration) and FENO (initial, maximal, and minimal values). Similarly, Pearson analysis revealed no direct correlation between FENO and PaO~2~.

Interesting observations were made with respect to the levels and changes of the FENO values ([Figure 1](#f1-medscimonit-20-167){ref-type="fig"}). All the measured FENO values were no greater than 20 ppb for the 2 patients who died. FENO did not vary more than 20% away from the baseline. Compared to the above findings, FENO measurements were greater than 20 ppb for the patients who survived. This was true for all the measurements except 1 case in which it was 18 ppb (Case no. 5 on Day 1). The patients seemed to have recovered when FENO was decreasing after having reached its peak. In [Figure 1](#f1-medscimonit-20-167){ref-type="fig"}, changes in FENO are displayed on the time axis (hours). FENO tends to reach its peak value at between 50 h and 80 h after paraquat ingestion.

Discussion
==========

Nitric oxide is the most extensively investigated exhaled marker of pulmonary diseases \[[@b7-medscimonit-20-167]\]. It is continuously generated in the lungs and the airways from amino acid L-arginine via constitutively active NO synthases (NOS) within the pulmonary vascular endothelium and the epithelial lining \[[@b18-medscimonit-20-167]\]. It has been suggested that endothelial cells constitutively express a relatively low output of NO pathway via type III NOS \[[@b18-medscimonit-20-167],[@b19-medscimonit-20-167]\]. In contrast, airway epithelial cells express a relatively high output of NO pathway via type II NOS, which could be further induced by inflammatory mediators. Thiol-containing molecules chemically react with NO, hence they are a transient reservoir of NO \[[@b20-medscimonit-20-167],[@b21-medscimonit-20-167]\]. With regard to ROS, it is known that NO assumes a double role. It can scavenge ROS (ie, superoxide), or it can produced peroxynitrate, inducing ROS injury \[[@b22-medscimonit-20-167]--[@b24-medscimonit-20-167]\]. Thus, the benefits of inhaling exogenous NO still remains controversial in paraquat intoxication.

For airway diseases (e.g. asthma) FENO is a useful marker, although its role remains to be clarified in lung parenchymal diseases and acute lung injuries \[[@b7-medscimonit-20-167],[@b9-medscimonit-20-167]\]. Lung injury due to paraquat intoxication is well described to be lung damage induced via oxidative stress. FENO in paraquat-intoxicated patients may reflect ROS-induced lung injury. Our hypothesis is that FENO indicates the severity of lung injury or predict mortality. To our knowledge, this is the first study investigating FENO in paraquat poisoning. We anticipated that FENO would be useful in indicating ROS formation or responsiveness to medical therapies in acute paraquat intoxication.

The results in our study are striking, since FENO turned out to be no greater than 20 ppb for the 2 patients who died due to acute paraquat intoxication. On the contrary, FENO for the patients who survived were generally greater than 20 ppb. This was counter to our original expectation because FENO is commonly increased in most inflammatory airway diseases. The American Thoracic Society suggests the use of FENO levels greater than 25 ppb (\>20 ppb in children) as an indication of inflammation \[[@b17-medscimonit-20-167]\].

Our paradoxical results could be explained by the following factors: 1) Inhibition of NO synthesis due to the abundant production of paraquat-induced inflammatory cytokines (e.g. IL-8) \[[@b25-medscimonit-20-167]\]. For example, in stable cystic fibrosis patients, FENO was significantly lower than in age-matched non-smoking healthy controls \[[@b9-medscimonit-20-167]\]. Levels of IL-8 in broncho-alveolar lavage samples from cystic fibrosis patients were higher than those in asthma or pulmonary infections. There also have been previous reports about oxidative stress, as in acute paraquat poisoning, resulting in overproduction of IL-8 in retinal pigment epithelial cells \[[@b25-medscimonit-20-167]\]. 2) Early consumption of NO in acute paraquat poisoning. In acute lung injury, ROS plays a significant role in disease progression. In our study, FENO values peaked after 48 h in 3 surviving subjects, and this may be due to FENO increase resulting from ROS production, by acute lung injury due to paraquat poisoning, or gradual recovery from the injury as a response to the medical treatments.

There are several limitations in our study. Only 6 subjects were studied. Two patients died within 5 days because the poisoning was very severe, explaining the missing data for these patients. Plasma paraquat concentration commonly peaks at around 2 h after ingestion and then declines thereafter. Our FENO measurements were not chronologically synchronized time with plasma paraquat checks, and this may have contributed to lack of correlation of the 2 variables. The source of NO was somewhat unclear in this study, since we could not measure it from bronchoalveolar lavage. Our previous study showed the change of lung cytoarchitecture in paraquat-intoxicated rats \[[@b26-medscimonit-20-167]\]. Inflammatory cell infiltration around the bronchiole was exhibited at 12 h after paraquat injection. Diffuse lung damage on the parenchyma and peribronchiole was observed at 72 h after paraquat injection. This pathology feature is different with asthma. Lastly, the effects on the measurements from medical therapies and the widely varying age of the subjects should be better clarified.

Conclusions
===========

We conclude that FENO did not predict mortality in paraquat poisoning, and there was no increase of FENO in severely intoxicated patients. Our study shows that FENO was not directly correlated with paraquat levels or with PaO~2~. However, FENO level was not higher than the values indicative of inflammation for the patients who died due to acute paraquat poisoning. This was a pilot study in which a small group of patients was studied and the group size should be expanded to increase statistical power. Nonetheless, the current study presents interesting findings that are potentially useful in revealing the FENO level in paraquat poisoning patients. Further research with a larger group of subjects is highly suggested for comparing FENO measurements with oxidative stress parameters.
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![Sequential variation of exhaled Nitric oxide in six patients. The horizontal dash line is indication of inflammation suggested by the American Thoracic Society. Two dead patients (case 1: ●, case 3: ◆) showed lower than 20 ppb of FENO. Case 1: ● (death), Case 2: ○ (survival), case 3: ◆ (death), case 4: × (survival) case 5: ◇ (survival), case 6: ■ (survival).](medscimonit-20-167-g001){#f1-medscimonit-20-167}

###### 

Clinical findings and laboratory data of at admission.

  ------------------------------------------------ ------------------------
  Age(yr)                                          41.8±17.2 \[20, 59\]
                                                   
  Sex                                              
   Male                                            3
   Female                                          3
                                                   
  Estimated ingestion amount of paraquat (ml)      21.7±4.1
                                                   
  Time from poisoning to hospital admission (hr)   11.5±9.4
                                                   
  Serum paraquat level (μg/mL)                     1.4±2.5 \[0.23, 6.51\]
                                                   
  Serum creatinine (mg/dL)                         1.0±0.4
                                                   
  Serum Alanine transaminase (IU/L)                33.7±19.14
                                                   
  Total serum billirubin(mg/dL)                    0.6±0.1
                                                   
  Arterial blood gas analysis                      
                                                   
   pH                                              7.42±0.04
                                                   
   PCO~2~ (mmHg)                                   34.2±7.1
                                                   
   PO~2~ (mmHg)                                    90.0±19.8
                                                   
   HCO~3~^−^ (mEq/L)                               22.4±5.3
  ------------------------------------------------ ------------------------

###### 

The baseline laboratory parameter in six patients.

                                  Case 1   Case 2   Case 3   Case 4   Case 5   Case 6
  ------------------------------- -------- -------- -------- -------- -------- --------
  White cell count                18550    14480    10050    11530    11500    8020
  Hemoglobin (g/dL)               13.8     13.3     15.1     15       14       14.7
  Hematocrit                      41.6     38.4     42.4     43.9     41.1     45.5
  Albumin (mg/dL)                 4.1      4.7      4.3      5.3      4.4      4.4
  Glucose (mg/dl)                 347      152      126      100      176      135
  Aspartate transaminase (IU/L)   38       22       23       20       43       25
  Alanine transaminase (IU/L)     54       21       19       12       57       39
  Lactate dehydrase (IU/L)        229      216      205      208      234      207
  Urea nitrogen (mg/dL)           5.1      9.7      14.8     24.2     17.9     6.4
  Creatinine (mg/dL)              0.7      0.7      1.1      1.7      0.8      0.8
  Amylase (IU/L)                  51       181      121      43       32       35
  Lipase (IU/L)                   13       13       17       25       30       26
  Sodium (mEq/L)                  134      141      135      136      144      146
  Chloride (mEq/L)                98       102      98       92       107      107
  Potassium (mEq/L)               3.9      3.2      3.7      3.8      4.4      4.8
  pH                              7.40     7.48     7.39     7.45     7.40     7.41
  PaCO~2~ (mmHg)                  22       32       36       42       33       40
  PaO~2~ (mmHg)                   85       107      121      70       81       76
  HCO~3~^−^ (mEq/L)               13.6     23.8     21.8     29.2     20.4     25.4

###### 

Serial change of exhaled Nitric oxide in six patients.

  Case No   Sex   Age   Time from ingestion (hr)   Amout (ml)   PUT    Serum paraquat level (mg/ml)   Mortality (expire day)   Initial PaO~2~   Initial eNO   2^nd^ day eNO   3^rd^ day eNO   4^th^ day eNO   5^th^ day eNO   6^th^ day eNO
  --------- ----- ----- -------------------------- ------------ ------ ------------------------------ ------------------------ ---------------- ------------- --------------- --------------- --------------- --------------- ---------------
  1         F     55    16                         20           ++++   1.22                           D(5)                     85               14            15              20              13                              
  2         F     20    6                          20           \+     0.23                           S                        107              24            20              22                                              
  3         M     59    3                          20           ++++   6.51                           D(3)                     121              19            18                                                              
  4         F     21    28.5                       30           \+     0.13                           S                        70               ND            20              28              18              13              
  5         M     44    7.75                       20           +++    0.27                           S                        81               18            20              31              33              32              28
  6         M     52    7.75                       20           ++++   0.17                           S                        76               23            28              45              37              28              38

F -- female; M -- male; Amount -- estimated amount of paraquat dichloride exposure (ml); PUT -- semiquantative urinary paraquat test; −/±: trace; +: clear blue; ++: light blue; +++: dark blue; ++++: black; D -- death; S -- survival.
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